human coronavirus RNA by reverse transcription-PCR. Human coronaviruses HKU1, OC43, 229E and NL63 co-circulated during each of the respiratory seasons but with significant year-to-year variability, and cumulatively accounted for 7.4-15.6 % of all samples tested during the months of peak activity. A total of 79 (0.5 % prevalence) specimens were positive for human betacoronavirus HKU1 RNA. Genotypes HKU1 A and B were both isolated from clinical specimens and propagated on primary human tracheal-bronchial epithelial cells cultured at the air-liquid interface and were neutralized in vitro by human intravenous immunoglobulin and by polyclonal rabbit antibodies to the spike glycoprotein of HKU1. Phylogenetic analysis of the deduced amino acid sequences of seven full-length genomes of Colorado HKU1 viruses and the spike glycoproteins from four additional HKU1 viruses from Colorado and three from Brazil demonstrated remarkable conservation of these sequences with genotypes circulating in Hong Kong and France. Within genotype A, all but one of the Colorado HKU1 sequences formed a unique subclade defined by three amino acid substitutions (W197F, F613Y and S752F) in the spike glycoprotein and exhibited a unique signature in the acidic tandem repeat in the N-terminal region of the nsp3 subdomain. Elucidating the function of and mechanisms responsible for the formation of these varying tandem repeats will increase our understanding of the replication process and pathogenicity of HKU1 and potentially of other coronaviruses.
INTRODUCTION
There are currently six known human coronavirus (hCoV) species: alphacoronaviruses hCoV-229E and hCoV-NL63, and betacoronaviruses group a hCoV-OC43 and hCoV-HKU1, betacoronavirus group b severe acute respiratory syndrome (SARS)-CoV, and the Middle East Respiratory Syndrome virus (MERS-CoV) in betacoronavirus group c. The recent discovery of MERS-CoV in fatal cases of respiratory disease (Assiri et al., 2013; Zaki et al., 2012) and the 2003 SARS pandemic (Drosten et al., 2003; Ksiazek et al., 2003) demonstrate the importance of emerging CoVs in severe human respiratory diseases and the potential for the emergence of new, virulent hCoVs from wildlife reservoirs. The prototype HKU1 strain was discovered in 2005 by reverse transcription (RT)-PCR using conserved CoV primers to a highly conserved region of the CoV 1b gene by screening respiratory samples from adult pneumonia patients in Hong Kong who were negative for SARS-CoV (Woo et al., 2005b) . HKU1 has been challenging to study because HKU1 viruses could not be isolated from clinical specimens or propagated in continuous cell lines. Isolation of HKU1 viruses from clinical specimens was accomplished recently by using primary, differentiated human tracheal bronchial epithelial (HTBE) cells cultured at an air-liquid interface (Dijkman et al., 2013; Pyrc et al., 2010) . This highly differentiated, primary human respiratory cellculture system will facilitate studies of the replication, pathogenesis and phylogeny of HKU1 betacoronaviruses and other fastidious human respiratory viruses.
All of the 24 full-length genome sequences of HKU1 that are available in GenBank to date are from primary clinical specimens collected in Hong Kong or France (Pyrc et al., 2010; Woo et al., 2005a Woo et al., , b, 2006 . Analysis of these genome sequences identified two distinct genotypes in the HKU1 lineage (A and B), and one genotype (C) that was a recombinant between the A and B genotypes (Woo et al., 2006) . To date, there are no fulllength HKU1 genome sequences from the western hemisphere. Here, we report the epidemiology, disease association and phylogeny of HKU1 viruses during a 4. 5year period (2009-2013) at the Children's Hospital Colorado. We used primary HTBE cells to isolate and propagate numerous isolates of HKU1, including both genotypes A and B, at physiologically relevant temperatures (34 and 37 u C), and demonstrated that HKU1 infection of these cells could be neutralized by pooled purified human IgG from healthy donors (intravenous immunoglobulin, IVIG) and by polyclonal rabbit antibody to the HKU1 spike glycoprotein. Sequencing of HKU1 RNA from 15 of our clinical specimens yielded seven full-length genomes. Analysis of these HKU1 genomes and the sequences of seven additional HKU1 spike genes from Colorado and Brazil revealed remarkable conservation of sequences of circulating HKU1 viruses in both the eastern and western hemispheres and identified a subclade within genotype A that has been detected so far only in the USA. Analysis of the first HKU1 genomes from the western hemisphere broadens our understanding of HKU1 CoVs circulating globally.
RESULTS

Epidemiology of hCoVs
To determine and compare the prevalence and seasonal variation of endemic hCoV-HKU1, -OC43, -NL63 and -229E infections in our paediatric population, RNA from 15 287 clinical respiratory specimens collected over a 4.5year period was analysed by RT-PCR (Fig. 1a) . The most common CoV infections were with NL63 and OC43 (1.7 and 1.5 % of all samples submitted, respectively), followed by HKU1 (0.5 %) and finally 299E infections (0.5 %). As noted previously (Monto & Rhodes, 1977) , when the prevalence of a particular CoV was high in one year, its prevalence was reduced in one or more of the subsequent years, suggesting the possibility of immune pressure within the community. All four hCoVs, HKU1, OC43, 229E and NL63, co-circulated during each of the respiratory seasons with peak circulation over a 2-month period between the months of December and March (Fig. 1a ). In total, 4.3 % of all submitted samples were positive for a CoV. During the peak 2-month period, CoVs accounted for 7.4-15.6 % of all samples tested.
Epidemiology, clinical characteristics and disease associations of HKU1
Because there are no full-length genomes of HKU1 from the Americas in GenBank, we focused our studies on HKU1. During the 4.5-year course of this study, 79 of the 15 287 respiratory specimens submitted for viral testing were positive for HKU1 viral RNA by RT-PCR, an overall prevalence of 0.5 %. There was considerable variation in the prevalence of HKU1 infection in the paediatric population during the course of the study (Fig. 1b) . Notably, during the 2009-2010 winter season, there were more HKU1-positive specimens than in subsequent years. From December 2009 to January 2010, 25 specimens were positive for HKU1, which accounted for 32 % of all of the positive HKU1 specimens during the 53-month study period. The epidemiology and disease associations of the HKU1 viruses in paediatric patients in Brazil have been reported previously (Gó es et al., 2011) .
Fifty-nine per cent of the Colorado respiratory specimens positive for HKU1 viral RNA during this study period were also positive for one or more additional viruses. The most common co-infections were with human rhinoviruses (24 %), respiratory syncytial virus (20 %), adenoviruses (11 %) and hCoV-NL63 (7 %). The clinical characteristics of the patients from whom the sequenced HKU1 isolates (Table 1) were obtained are shown in Table 2 . From the total cohort of children (n579) positive for HKU1, 39 % were under 12 months of age and 58 % were under 2 years of age. Sixty-six per cent of the HKU1-positive patients were admitted to the hospital, and 54 % had an underlying medical condition. To characterize the clinical syndromes associated with HKU1, we analysed the primary discharge diagnoses of the patients with HKU1-positive respiratory specimens. The most common discharge diagnoses were upper respiratory tract infection (42 %), bronchiolitis (16 %), pneumonia (12 %), fever and neutropenia (8 %) and seizures (4 %). The most common symptoms in the HKU1-positive patients were fever (50 %), cough (47 %), hypoxia (22 %), seizures (5 %) and diarrhoea (5 %).
Genome sequences, phylogenetic analysis and genotypes
Nearly full-length genome sequences were obtained for seven of the 15 Colorado clinical samples submitted for sequencing. All of the samples selected were from the 2009-2010 respiratory season, which corresponded to a mini-outbreak of HKU1 in our community. Poor template quality precluded full-length analysis of the other samples. The sequences ranged from 29 695 to 29 983 nt, lacking only short sequences at the 39 and 59 termini (the initial HKU1 isolate was 29 926 nt; Woo et al., 2005a) .
All seven full-length HKU1 genomes had the same organization as the 22 full-length HKU1 sequences from Hong Kong and the single sequence from France. As described for the Hong Kong HKU1 specimens (Woo et al., 2006) , in our seven full-length genomes, the putative transcription regulatory sequence 59-AAUCUAAC-39 was found at the 39 end of the leader sequence and preceding each of the translated ORFs.
A phylogenetic tree comparing the nucleotide sequences of the seven full-length genomes of the Colorado HKU1 strains combined with the 22 Asian and one French fulllength HKU1 genomes is shown in Fig. 2 . These 30 HKU1 strains comprised three genotypes, designated genotypes A (21 strains), B (three strains) and C (six strains). All seven of the full-length Colorado genomes were in HKU1 genotype A, and these had remarkable amino acid identity to each other and to the other sequenced genotype A HKU1viruses from Asia and France. Bootscan analysis of the Colorado specimens compared with other genotype A HKU1 specimens did not reveal any potential recombination sites among our samples (data not shown). VISTA analysis using the prototypical HKU1 isolate from Hong Kong in 2005 as a reference showed that the greatest areas of difference between the genotypes were between 3.0 and 3.5 kb (nsp3 in ORF1ab) and between 22.0 and 27.0 kb [which includes the haemagglutinin-esterase (HE) and spike genes] ( Fig. S1 , available in the online Supplementary Material).
A key genetic signature for different strains of HKU1 is a variable number of a 10 aa (NDDEDVVTGD) acidic tandem repeat (ATR) in the N-terminal region of the nsp3 subdomain of gene 1a upstream of PL1 pro (Woo et al., 2006) . In six of the seven Colorado HKU1 viruses sequenced, the numbers of the first variable tandem repeat ranged from 8 to 17 and a truncated unique variant, NDDED, was found after the conserved variable number of tandem repeats. This signature was unique among the Colorado specimens (Table 3) . To determine whether the tandem repeat sequences in the nsp3 protein had any influence on the designation of clades or genotypes based on the full-length genomes, we reconstructed a second phylogenetic tree based on the full genome sequences in which the variable number of tandem repeats region of nsp3 was deleted. No difference in topology between the trees that included and excluded this region was noted (data not shown).
As the HKU1 spike gene was one of the most variable regions of the genome and it determined viral clades, we analysed the spike genes from our Colorado HKU1 virus, four additional Colorado clinical specimens and three clinical specimens from Brazilian paediatric patients ( Fig.  3) . Three of the four additional Colorado viruses and two of the three Brazilian viruses were genotype A, and the other two viruses were both genotype B. The one genotype B specimen from Colorado (HKU1/USA/1/2005) was collected in 2005, whereas the other 10 genotype A sequences were collected during the 2009-2010 respiratory season. The two genotype A sequences from Brazil were collected in 2006 and the genotype B sequence was collected in 2007 (Table 2) .
Within each HKU1 genotype, the spike sequences (nucleotide and protein) were remarkably conserved. Within genotype A, all of the Colorado HKU1 sequences, except for HKU1/USA/15/2009, formed a subclade defined (Fig.  3) by the same three amino acid substitutions of W197F (in the putative N-terminal domain of S1), F613Y (in the putative C-terminal domain of S1) and S752F, which directly precedes the predicted serine protease cleavage site 
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Journal of General Virology 95 (RRKRR at residues 756-760) between the S1 and S2 domains of the spike protein ( Fig. S2) .
Replication kinetics and propagation of HKU1
We propagated primary, differentiated HTBE cells at an airliquid interface and inoculated them with clinical respiratory specimens positive for HKU1 RNA by RT-PCR at 34 and 37 u C. Infected cells were first detected by immunofluorescence with a polyclonal rabbit antibody against the purified recombinant HKU1 spike protein, between 8 and 12 h postinoculation (p.i.), and approximately 5-20 % of cells were infected by 48 h p.i. at 34 u C (Fig. 4) . As reported previously for growth at 32 and 33 u C in HTBE cells (Dijkman et al., 2013; Pyrc et al., 2010) , the yield of HKU1 virus genomes released from the apical surface of the cells increased 1000-fold and plateaued from 48 to 72 h p.i. (Fig. 4 ). We obtained similar results with seven clinical specimens of HKU1 genotype A and one HKU1 genotype B (Table 2) , and observed no differences in the yield of virus released between specimens cultured at 34 versus 37 uC. Serial passage of HKU1 viruses was performed by inoculating HTBE cells at 34 u C with the apical washes collected at 96 or 120 h from cells inoculated with the previous virus passage. HKU1 was serially passaged under these conditions five times without significant loss of titre as evidenced by quantitative real-time PCR (data not shown).
In vitro neutralization of HKU1 viruses
HTBE cells were inoculated with HKU1 in the presence or absence of FBS to determine whether serum inhibited infection due either to the potential presence of (Caen1). One hundred bootstrap replicates were used for reconstruction of the phylogenetic trees, and nodes supported by a bootstrap value greater than 70 % are indicated. The viral sequences fell into three genotypes: A (blue lines), B (green lines) and C (purple lines). A subset of the Colorado HKU1 viruses formed a subclade within genotype A (indicated by the red box). Bar, nucleotide substitutions per site.
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cross-reactive antibodies to HKU1 or to potential interference with the HE protein. Normal bovine and mouse sera are known to contain mannose-binding lectins that inhibit haemagglutination and neutralize influenza A virus infectivity by binding to carbohydrates at the tip of the influenza HE protein, blocking access of cell-surface receptors to the receptor-binding site on influenza HE (Anders et al., 1990) . The percentage of infected cells inoculated with or without serum was identical (data not shown).
To explore the possibility that antibodies could be used as specific antiviral therapy for HKU1 infections, we tested pooled purified human IgG from healthy US donors (IVIG) for its ability to neutralize the infectivity of HKU1 viruses. Both genotypes A and B were incubated with 10fold serial dilutions of IVIG and inoculated into HTBE cells. IVIG inhibited HKU1 infection at concentration of ¢10 mg ml 21 . Similarly, polyclonal rabbit antibodies against the purified HKU1 spike glycoprotein inhibited infection of HTBE cells with HKU1 ( Fig. 5) .
DISCUSSION
This is the first study to report full-length genome sequences from clinical isolates of HKU1 from the western hemisphere. HKU1 viruses of genotypes A and B were detected, isolated and propagated from our paediatric specimens. In agreement with previous studies that demonstrated a HKU1 prevalence ranging from 0 to 4.4 % (Dare et al., 2007; Esper et al., 2006; Gaunt et al., 2010; Gerna et al., 2007; Gó es et al., 2011; Huo et al., 2012; Jevšnik et al., 2012; Jin et al., 2010; Kuypers et al., 2007; Lau et al., 2006; Lu et al., 2012; Mackay et al., 2012; Prill et al., 2012; Sloots et al., 2006; Talbot et al., 2009; Vabret et al., 2008; Woo et al., 2009) , only a small percentage (0.5 %) of all of respiratory samples submitted to the Clinical Virology Laboratory for virus testing were positive for HKU1 RNA during our 4.5-year study period. The cumulative burden of respiratory disease due to all four endemic hCoVs, however, was substantial, accounting for 15 % of all respiratory samples during the month of peak activity. Identical repeat sequences are colour coded. The subscript number following a sequence is the number of repeats of that sequence in the indicated viral genome.
Genotype Strain
Repeat sequences (AA)
(NDDEDVVTGD) 12 (NDDD)(NDDQIVVIGD) N9
(NDDEDVVTGD) 12 (NDDD)(NDDQIVVIGD) N10
(NDDEDVVTGD) 13 (NDDD)(NDDQIVVIGD) N11
(NDDEDVVTGD) 15 (NDDD)(NDDQIVVIGD) N13
(NDDEDVVTGD) 9 (NDDD)(NDDQIVVIGD) N14
(NDDEDVVTGD) 10 (NDDD)(NDDQIVVIGD) N18
(NDDEDVVTGD) 13 (NDDD)(NDDQIVVIGD) N19
(NDDEDVVTGD) 10 (NNDEEIVTGD)(NDDEDVVTGD) 1 (NNDEEIVTGD) (NDDQIVVTGD) N23
(NDDEDVVTGD) 11 (NDDD)(NDDQIVVIGD) N24
(NDDEDVVTGD) 1 (NDDEHVVTGD) 2 (NDDEDVVTGD) 9 (NDDEHVVTGD) (NDDQIVVIGD) (NDDEDVVTGD) 7 (NDDD)(NDDQIVVIGD)(NDDEDVVTGD) 7 (NDDD) HKU1-15 (NDDEDVVTGD) 8 (NDDD)(NDDQIVVIGD) HKU1-12 (NDDEDVVTGD) \17 (NDDED)(NNDEEIVTGD)(NDDQIVVTGD) HKU1-13 (NDDEDVVTGD) 17 (NDDED)(NNDEEIVTGD)(NDDQIVVTGD) HKU1-11 (NDDEDVVTGD) 9 (NDDED)(NNDEEIVTGD)(NDDQIVVTGD) HKU1-18 (NDDEDVVTGD) 13 (NDDED)(NKDEEIVTGD)(NDDQIVVTGD) HKU1-10 (NDDEDVVTGD) 12 (NDDED)(NNDEEIVTGD)(NDDQIVVTGD) HKU1-5 (NDDEDVVTGD) 15 (NDDED)(NNDEEIVTGD)(NDDQIVVTGD) B N 2 ( NDDEDVVTGD) 11 (NDDEEIVTGD)(NDDQIVVTGD) N15
(NDDEDVVTGD) 15 (NDQIVVTGD) N25
(NDDEDVVTGD) 12 (NDDEEIVTGD)(NDDQIVVTGD) C N 5 ( NDDEDVVTGD) 8 (NNDEDVVTGD)(NNDEESVTGD)(NDDQIVVTGD) N16
(NDDEDVVTGD) 10 (NNDEDVVTGD)(NNGEDVVTGD)(NNDEESVTGD) (NDDQIVVTGD) N17
(NDDEDVVTGD) 10 (NNDEESVTGD)(NDDQIVVTGD) N20
(NDDEDVVTGD) 10 (NNDEDVVTGD)(NNGEDVVTGD)(NNDEESVTGD) (NDDQIVVTGD) N21
(NDDEDVVTGD) 10 (NNDEDVVTGD)(NNDEESVTGD)(NDDQIVVTGD) N22
(NDDEDVVTGD) 13 (NNDEDVVTGD)(NNDEESVTGD)(NDDQIVVTGD)
The prevalence of HKU1 infection and the other hCoVs varied markedly from year to year. For HKU1, there was a mini-outbreak during the 2009-2010 winter respiratory virus infection season when 4 % of respiratory specimens submitted during December were positive for HKU1 RNA. These data are in agreement with other multi-year studies of CoV prevalence, and demonstrate that the prevalence of HKU1, like other hCoVs, varies markedly from year to year (Dare et al., 2007; Gaunt et al., 2010; Gerna et al., 2007; Lau et al., 2006; Talbot et al., 2009; Vabret et al., 2008) . This yearly variation may reflect the development of immunity within a community with subsequent development of new susceptible populations (young children) and/or antigenic drift of the virus. The peak in HKU1 activity was immediately preceded by a month with a peak in the activity of OC43, the other human betacoronavirus in group A, where 36 specimens (12 % of all samples submitted) during November 2009 were positive for OC43. This demonstrates that several different CoVs in the same phylogenetic group can cocirculate in the paediatric population during the same season. Indeed, all four hCoVs were present during each of the respiratory virus infection seasons.
HKU1 infection has been detected worldwide. Recent seroepidemiological surveys specific for HKU1 suggest that exposure to HKU1 increases with age but that the overall seroprevalence to HKU1 is lower than for other hCoVs. Approximately 22 % of adults in Hong Kong aged 31-40 years had antibodies specific for HKU1 (Chan et al., 2009) , whilst in the USA, about 60 % of adults had antibodies to HKU1, significantly lower than the seropositivity rates for 229E, OC43 and NL63, which were greater than 90 % in adults (Severance et al., 2008) . Our data suggest that, in paediatric 
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patients who present for diagnostic testing, the prevalence of NL63 and OC43 significantly exceeded that of HKU1 and 229E.
A recent study of hospitalized children with acute respiratory illness found the same prevalence of HKU1 and other CoVs in hospitalized children and in asymptomatic, outpatient controls. Patients infected with only CoVs had milder illnesses than those infected with other respiratory viruses (Prill et al., 2012) . Other studies, however, have found that HKU1 is associated with both upper and lower respiratory tract disease in hospitalized children (Esper et al., 2006; Gerna et al., 2007; Jevšnik et al., 2012; Jin et al., 2010; Kuypers et al., 2007; Regamey et al., 2008; Vabret et al., 2006 Vabret et al., , 2008 and with adults hospitalized with pneumonia (Woo et al., 2005a (Woo et al., , b, 2009 ). In China, HKU1 was the most commonly found virus in respiratory specimens in patients who presented with influenza-like illness but tested negative for influenza (Huo et al., 2012) . In our study, the majority of the HKU1positive paediatric patients had upper respiratory tract infections, but a subset (28 %) of them presented with bronchiolitis and pneumonia. HKU1 has also been associated with febrile seizures in children (Vabret et al., 2006; Woo et al., 2012) , and several HKU1-positive patients in our study also presented with seizures, adding strength to the association of HKU1 with febrile seizures in children. This is an interesting observation, as other betacoronaviruses in group A, including OC43, bovine CoV and murine hepatitis virus (MHV), are neurotrophic (Arbour et al., 1999; Jacomy et al., 2006; Lavi et al., 1987; Phillips & Weiss, 2011) .
As others have reported (Dijkman et al., 2013; Pyrc et al., 2010) , primary HTBE cells are an excellent in vitro culture system that closely mimics the in vivo environment of the human respiratory tract. These studies demonstrated that HKU1 primarily infects ciliated respiratory epithelial cells. Clinical isolates of our HKU1 specimens were isolated and propagated in HTBE cells at the physiological temperatures of 34 and 37 u C, which mimic the temperatures in the upper and lower respiratory tracts, respectively. Human IVIG and rabbit antibodies against the HKU1 spike glycoprotein inhibited HKU1 infection of HTBE cells. The ability of IVIG to neutralize infection suggests that a significant proportion of individuals in the USA have been exposed to and have mounted a neutralizing antibody response to HKU1. Furthermore, it argues that the target(s) of neutralizing antibody within the HKU1 spike protein might be conserved over time, with minimal antigenic drift or shift. This hypothesis is also supported by the remarkable degree of conservation found across HKU1 spike sequences.
One of the unique features of the HKU1 genome is the presence of the ATRs in the nsp3 protein located in the acidic domain upstream of the PL1 pro active site. Interestingly, all of the Colorado HKU1 spike protein sequences from 2009 to 2010 that formed a subclade within genotype A exhibited a similar pattern in the ATR region that was different from that of the Asian genotype A viruses, suggesting that this region might be useful for molecular typing. Despite this similarity in the pattern in the ATRs, the number of repeats varied in the Colorado HKU1 viruses that were circulating in our community over a 2-month period, despite the rest of the genome remaining stable. Although the exact origins and functions of this ATR domain are not known, NSP3 is an essential and important part of the replication complex. Further studies are needed to explore the mechanism surrounding the formation of these repeats and their function in the replication process.
In contrast to NL63, which has regions of marked amino acid diversity, particularly in the N-terminal domain of the spike protein and the 1b gene (Dominguez et al., 2012) , HKU1 strains circulating in the western hemisphere had amino acid sequences that were remarkably well conserved and differed little from HKU1 strains circulating in Asia and Europe. The reason for this lack of diversity in HKU1 is unclear. One possible explanation for this observation could be that the proofreading ability of the HKU1 exonuclease might be superior to that of NL63. Alternatively, the HKU1 spike interaction with its unknown receptor might be strictly constrained such that mutant spikes display decreased affinity, leading to impaired viral entry and fitness.
All but one of our Colorado specimens formed a subclade within genotype A determined by three single amino acid substitutions in the spike protein. Based on comparison with MHV, one of the substitutions was located within the N-terminal domain (W197F) and another within the C-terminal domain (F613Y) (Peng et al., 2011) . These substitutions could confer antigenic differences or impact on binding of HKU1 viruses to cell surfaces. The third, and most notable, amino acid substitution (S752F), was adjacent to the predicted S1/S2 cleavage site. Although the functional significance of this change is unknown, it could potentially affect the protease cleavage and activation of the membrane fusion activity of the HKU1 spike. In MHV-A59, a mouse betacoronavirus, a single H716D substitution downstream of the S1/S2 cleavage site in the MHV-A59 spike protein causes resistance to cleavage by trypsin (Zelus et al., 2003) .
In summary, we report the first full-length genome sequences from HKU1 betacoronavirus specimens in the western hemisphere and comparison with the genomes of other HKU1 viruses circulating in other parts of the world. HKU1 circulated in our community during all five respiratory virus seasons studied, but with considerable differences in yearly prevalence. We demonstrated that the HKU1 genotypes A and B can be neutralized in vitro by human IVIG and by polyclonal antibodies to the spike glycoprotein of HKU1. Remarkably, HKU1 specimens from around the world have highly conserved sequences within individual genotypes. Within genotype A, all but one of the Colorado HKU1 sequences formed a subclade based on their spike gene sequences, which was correlated with a unique ATR sequence in the ATR domain of nsp3 but with varying numbers of repeats. Elucidating the function of and mechanisms responsible for the formation of the varying tandem repeats in the ATR of nsp3 of HKU1 while maintaining a highly conserved sequence will increase our understanding of the replication process and pathogenicity of HKU1 and potentially other CoVs. Generation of HKU1 antibodies. Codon-optimized genotype A HKU1 spike protein ectodomain (S ecto ) was constructed with a Cterminal truncation yielding a soluble HKU1 ectodomain (aa 1-1283) that substitutes a C-terminal FLAG tag for the transmembrane domain and tail, and cloned into pcDNA3.1(+) between the BamHI and NotI sites for expression. Proteins were purified by affinity chromatography using anti-FLAG M2 magnetic beads (Sigma).
METHODS
Polyclonal antisera were generated by immunizing rabbits with HKU1 S ecto protein and Freund's complete adjuvant (Open Biosystems) and mAbs were generated by immunizing mice with HKU1 S ecto protein with 100 ml TiterMax gold adjuvant (Sigma-Aldrich) following standard protocols.
Isolation and propagation of HKU1 from clinical specimens.
HBTE cells were obtained from Lifeline Cell Technology. Primary cells were expanded on plastic in BronchiaLife Complete Medium (Lifeline Cell Technology) and then plated at a density of 1610 5 cells per well on 12-well Corning Transwell-COL collagen-coated permeable (0.4 mm pore size) membrane inserts (Sigma-Aldrich). Cultures were maintained in growth medium until confluent monolayers were formed on the inserts and then switched to differentiation medium [1 : 1 ratio of BronchiaLife medium and Dulbecco's modified Eagle's medium (DMEM) high-glucose medium (Invitrogen) with the addition of 1.1 mM CaCl 2 and 25 nM retinoic acid]. Cultures were then grown for 3-4 weeks in differentiation medium at an air-liquid interface at 37 uC to generate welldifferentiated cultures that resembled in vivo ciliated respiratory epithelium.
Differentiated HBTE cells were inoculated on the apical surface with 100-150 ml per insert of each clinical sample (primary isolate) diluted 1 : 10 in either DMEM containing 1 % BSA fraction V or FBS, or with a 1 : 10 or 1 : 100 dilution of passage 1 virus stock generated from apical washes of primary cultures from HBTE cells harvested at 72 or 96 h p.i.. Following a 4 h incubation at 34 or 37 uC, the initial inoculum was removed and the HBTE cells were maintained at an air-liquid interface for the remainder of the experiment. The yields of HKU1 were determined at specific time points p.i. by fixing the cells and detecting HKU1-infected cells by immunofluorescence and/or by determination of viral titres in washes of the apical surface of cells on inserts (three consecutive aliquots with 100 ml 1 % BSA in highglucose DMEM pooled). RNA from the washes was extracted using
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Virus Minikits v2.0 on a BioRobot EZ1 extractor (Qiagen) following the manufacturer's instructions. Titres of virus were assessed by realtime PCR targeting the replicase gene using a previously described protocol (Dominguez et al., 2009) .
Immunofluorescence. To detect HKU1 antigens in infected cells, the apical surfaces of HBTE cultures were washed twice with DMEM or PBS and then fixed at 4 uC in 100 % methanol for at least 20 min at 220 uC. HKU1 was detected in infected cells using the rabbit polyclonal antibody directed against the HKU1 spike glycoprotein and visualized using a goat anti-rabbit antibody conjugated to Alexa Fluor 488 (Invitrogen). Immunolabelled cells were imaged using a Zeiss Axioplan 2 or Nikon Eclipse TE2000 U fluorescent microscope.
Antibody neutralization assay. To assess their ability to neutralize HKU1 infection, polyclonal anti-HKU1 antibodies or human IVIG (CSL Behring) were incubated at 56 uC for 30 min to inactivate complement followed by filter sterilization through a 0.22 mm membrane. Pre-immune serum as well as a mAb directed against an irrelevant antigen (cholera toxin, a kind gift from Randall Holmes, University of Colorado School of Medicine, CO, USA) were used as controls. Antibodies were serially diluted in DMEM+1 % BSA and incubated with passage 1 virus at a 1 : 100 dilution for 1 h at 37 uC. The virus/antibody mixtures were incubated on HTBE cells for 4 h at 34 uC and then removed. Cells were fixed at 24 h p.i. and assayed for infection by immunofluorescence using a mouse mAb directed against the HKU1 spike glycoprotein.
Genome sequencing. Subsets of HKU1-positive clinical specimens collected from 2009 to 2011, as well as samples collected in earlier years from our previously reported studies in Denver and Brazil (Dominguez et al., 2009; Gó es et al., 2011) were selected for genome sequencing. Samples were sequenced using Sanger technology or using a mix of Sanger and Illumina technology (Table 1) .
For samples that went through the Sanger sequencing technology, a 96-well plate of degenerate HKU1-related specific primers was designed from a consensus sequence of the 23 related virus reference genomes downloaded from GenBank (accession nos: NC006577, AY884001, DQ339101, DQ415896-DQ415914 and HM034837) using a PCR primer design pipeline developed at J. Craig Venter Institute (JCVI) . This produced tiled amplicons with an optimal length of 550 bp, with a 100 bp overlap and at least twofold amplicon coverage at every base. Additional primer sets specific for the A, B and C viral subtypes were then designed. Subsets of these primers covering regions of significant A/B/C variation were then judiciously combined with the initial primer set to produce a twoplate primer set that could successfully amplify A-, B-or C-type genomes without prior knowledge of the viral subtype. An M13 sequence tag was added to the 59 end of each primer and was used for sequencing.
RNA extracted from the clinical samples was subjected to RT-PCR using a Qiagen One-step kit to produce cDNA amplicons from each of the primer pairs in the 96-well plate. For each clinical specimen, two independent sets of reactions were performed to produce sequence coverage consistent with JCVI standards for finished Sanger sequences. PCR products were treated with a mixture of exonuclease and shrimp alkaline phosphatase to remove primers and dNTPs, and then subjected to Sanger sequencing using the common M13 primers at the 59 end of each primer. For HE-spike amplicon sequencing, primer pairs spanning the region were used to generate an approximately 5.6 kb amplicon. For the Denver-originating samples, a hemi-nested strategy was used. The primers were: reverse transcription primer: 59-GTTCACTATAAGACTTATACAAC-39, PCR forward primer: 59-GAAATAGATGGCAATGTTATGC-39, and PCR reverse primer: 59-GGTACAATACARTAACCAAC-39. For the samples originating in Brazil, the PCR primers used were: forward primer:
59-GAAATAGATGGCAATGTTATGC-39, and reverse primer: 59-GTTCACTATAAGACTTATACAAC-39.
Extracted RNA was reverse transcribed using SuperScript III (Life Technologies) and the appropriate reverse primer, and dsDNA was produced by PCR using Phusion enzyme (New England BioLabs). Bar-coded, Illumina-ready libraries of each amplicon were generated using the Nextera protocol (originally Epicentre; now part of Illumina). A pool of libraries from these and other viral samples was pooled and sequenced in a single lane on the HiSeq platform.
Assembly. Sanger sequencing reads were assembled de novo using CLC Bio's clc_novo_assemble (http://www.clcbio.com/files/ whitepapers/whitepaper-denovo-assembly-4.pdf). The consensus sequence of the de novo assembly was used to identify the best fulllength HKU1 genome downloaded from GenBank to use as a mapping reference sequence. Reads were mapped to the selected reference genome using clc_ref_assemble_long (http://www.clcbio. com/files/whitepapers/CLC_legacy_read_mapper_white_paper.pdf).
For the Illumina sequencing technology, the Illumina reads were mapped to the selected reference genome using the clc_ref_assem-ble_long (CLCbio -Assembly Cell) program resulting in the final next-gen assembled genome.
Upon review of next-gen assemblies, there were circumstances that required additional sequencing, due to either no or low coverage. For these regions, PCR primer pairs were designed, the DNA was amplified and sequencing was performed as described previously (Ghedin et al., 2005; Li et al., 2012) . Sanger reads were assembled together with the Illumina reads using the clc_ref_assemble_long program to map against the selected reference genome.
Annotation. Viral Genome ORF Reader, VIGOR (Wang et al., 2010) , was used to check segment lengths, perform alignments, ensure the fidelity of ORFs, correlate nucleotide polymorphisms with amino acid changes and detect any potential sequencing errors. The complete genomes were annotated with VIGOR before submission to GenBank.
Sequence analysis. The HKU1 individual gene and protein sequences and the complete genomes were multiple aligned using CLUSTAL W v.2.0.11 (Thompson et al., 1994) . This alignment was used to generate a maximum-likelihood phylogenetic tree with PHYML v3.0 (Guindon & Gascuel, 2003) using the HKY85 nucleotide substitution model and the estimated transition/transversion ratio. NL63 was selected as an outgroup for the complete genome phylogenetic tree, and trees were viewed using FigTree v.1.3.1 (http://tree.bio.ed.ac.uk/ software/figtree/).
Nucleotide sequence accession numbers. The clinical specimens positive for HKU1 viruses were named according to the following nomenclature: Virus/,ISO three-digit location ./,specimen number ./,year of isolation in YYYY format . (for example HKU1/ USA/18/2010).
